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HIGHLIGHTS  GRAPHICALABSTRACT 


•  X-ray  tomography  provides  3D 
structural  map  of  18650  battery. 

•  Heterogeneous  temperature  distri¬ 
bution  above  0.75C. 

•  Localised  heat  generation  from  posi¬ 
tive  cap  containing  PTC  and  safety 
valve. 


ARTICLEINFO  ABSTRACT 


Thermal  runaway  is  a  major  cause  of  failure  in  Li-ion  batteries  (LIBs),  and  of  particular  concern  for  high 
energy  density  transport  applications,  where  safety  concerns  have  hampered  commercialisation.  A  clear 
understanding  of  electro-thermal  properties  and  how  these  relate  to  structure  and  operation  is  vital  to 
improving  thermal  management  of  LIBs.  Here  a  combined  thermal  imaging,  X-ray  tomography  and 
electrochemical  impedance  spectroscopy  (EIS)  approach  was  applied  to  commercially  available  18650 
cells  to  study  their  thermal  characteristics.  Thermal  imaging  was  used  to  characterise  heterogeneous 
temperature  distributions  during  discharge  above  0.75C;  the  complementary  information  provided  by 
3D  X-ray  tomography  was  utilised  to  evaluate  the  internal  structure  of  the  battery  and  identify  the  re¬ 
gions  causing  heating,  specifically  the  components  of  the  battery  cap. 
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1.  Introduction 

Effective  operation  of  Li-ion  battery  systems  requires  careful 
thermal  management  in  order  to  ensure  stable  performance,  du¬ 
rable  operation  and  prevent  thermal  runaway  which  can  lead  to 
catastrophic  failure  [1].  Poorly  designed  battery  packs  can  also 
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result  in  significantly  reduced  volumetric  and  gravimetric  power 
densities;  as  such,  thermal  management  strategies  are  amongst  the 
most  important  design  considerations  when  developing  battery 
pack  systems  used  in  electric  vehicles  (EVs)  and  hybrid  electric 
vehicles  (HEVs)  [2]. 

The  18650  spiral  wound  cell  is  widely  used  in  portable  appli¬ 
cations,  but  has  also  been  applied  in  automotive  applications  [3]. 
The  design  of  this  cell  often  incorporates  a  positive  temperature 
coefficient  (PTC)  safety  device  in  the  battery  cap,  which  demon¬ 
strates  a  large  increase  in  electrical  resistance  above  a  certain 
trigger  temperature.  When  an  over-current  condition  occurs,  such 
as  during  an  electrical  short,  the  high  currents  cause  the  heating  of 
the  PTC  which  enters  a  high-resistance  state  acting  to  self-limit  the 
current  passed  and  protect  the  battery  and  user  from  adverse 
consequences  [4].  Although  generally  an  effective  safety  measure, 
the  incorporation  of  an  additional  resistive  component  acts  to  in¬ 
crease  the  internal  resistance  of  the  battery  (and  lower  its  effi¬ 
ciency)  and  can  generate  hazardous  temperatures  with  potential 
failure  leading  to  fire,  causing  further  damage  to  the  systems  which 
employ  such  technology,  particularly  during  short  circuits  [5]. 
Furthermore,  localised  temperature  variations  caused  by  short 
circuits  or  internal  defects  within  individual  cells  may  result  in  ‘hot¬ 
spots’  within  battery  packs,  leading  to  thermal  runaway  which  can 
cause  catastrophic  failure  of  whole  systems  [6].  This  has  been 
observed  in  the  grounding  of  the  Boeing  787  ‘Dreamliner’  fleet  in 
2013  due  to  faults  associated  with  Li-ion  battery  packs  that 
included  two  major  battery  thermal  runaway  events  in  52,000 
flight  hours  [7]  and  a  fire  which  occurred  in  a  modified  Toyota  Prius 
vehicle  due  to  incorrect  electrical  contacts  within  Li-ion  battery 
packs  [8].  Given  the  importance  of  temperature  management  in  the 
design  of  Li-ion  systems,  a  range  of  electrochemical  models  have 
been  developed  to  predict  thermal  behaviour.  These  models  often 
make  assumptions  which  neglect  non-uniform  thermal  distribu¬ 
tions  [9]  or  have  only  been  validated  against  a  single  point  tem¬ 
perature  measurement,  typically  made  using  thermocouple/s  on  or 
within  the  battery /pack  [10]. 

Recent  modelling  efforts  have  included  attempts  to  incorporate 
non-uniform  resistance  distributions  within  cells  and  battery  packs 
[11,12].  These  models  highlight  the  importance  of  thermal  man¬ 
agement  in  battery  packs  and  the  need  for  system  level  experi¬ 
ments.  However,  the  models  do  not  incorporate  a  PTC  element, 
which  will  further  modify  the  temperature  distribution  within 
packs.  In  addition,  limited  experimental  validation  of  the  work  has 
been  reported,  which  restricts  the  use  of  such  models. 

Models  which  fail  to  take  into  account  the  heating  effects  of 
‘external’  non-electrochemical  (ohmic)  heat  sources,  risk  elimi¬ 
nating  a  significant  source  of  heating  for  a  real  battery,  particularly 
at  high  discharge  rates.  External  elements  may  include  a  mechan¬ 
ical  safety  valve,  a  PTC  element  or  metallic  contacts.  Yi  et  al.  [13] 
developed  a  model  which  accounts  for  such  resistances  in  a 
planar  Li-ion  cell  and  attests  the  importance  of  characterising  these 
losses. 

While  much  work  has  gone  into  producing  accurate  and  robust 
modelling  of  Li-ion  batteries,  experimental  validation  is  required  in 
order  to  maximise  the  potential  of  this  area.  Discrete  thermocouple 
measurements  cannot  adequately  capture  the  temporal-spatial 
dynamics  exhibited  by  batteries  and  battery  packs.  The  non- 
invasive  nature  of  thermal  imaging,  its  high  temperature  resolu¬ 
tion  and  significantly  improved  spatial  resolution  represents  a 
much  more  accurate  and  representative  measurement  of  the  sur¬ 
face  temperature  of  batteries  compared  to  discrete  thermocouples. 

Wang  et  al.  [14]  used  infrared  thermal  imaging  on  planar  Li-ion 
batteries;  however,  the  work  did  not  investigate  the  effect  of  the 
discharge  rate,  nor  the  effect  of  spatial  location  on  the  temperature 
of  the  battery.  Kim  et  al.  [15,16]  reported  validation  of  an 


electrochemical  model  using  infrared  techniques;  however,  the 
results  were  presented  for  only  a  single  discharge  rate. 

Schmidt  et  al.  [17]  reported  a  novel  electro-thermal  impedance 
spectroscopy  (ETIS)  technique  which  can  be  used  to  validate  elec¬ 
trochemical  models  by  measuring  thermal  impedance  spectra  that 
provide  information  about  the  dynamics  of  heat  transfer  in  the 
battery  structure.  While  there  is  great  potential  in  this  approach, 
the  use  of  discrete  thermocouples  limits  spatial  resolution  and  the 
thermocouples  themselves  have  a  thermal  response  time  constant 
which  must  be  taken  into  account. 

Herein  we  report  the  effect  of  both  the  discharge  rate  and  time 
on  the  spatial  temperature  distribution  of  Li-ion  batteries  (18650 
spiral  wound)  while  simultaneously  evaluating  the  electrochemical 
impedance  characteristics  of  the  cell.  Additionally,  X-ray  tomogra¬ 
phy  was  conducted  to  allow  the  internal  structure  to  be  determined 
and  to  identify  the  internal  sub-structures  which  cause  non- 
uniform  heating  within  Li-ion  cells.  X-ray  tomography  has  proven 
to  be  a  valuable  tool  for  non-destructive  analysis  in  a  wide  range  of 
fields.  With  the  increasing  sophistication  and  resolution  of  tomo¬ 
graphic  techniques  it  is  now  possible  to  examine  batteries  over  a 
large  range  of  length  scales;  from  atomic  to  cell  level.  The  results 
highlight  the  importance  of  robust  thermal  measurement  and  give 
an  indication  of  the  spatial  and  temporal  dynamics  of  temperature 
change  caused  by  electrical  discharge.  For  the  benefit  of  the  battery 
modelling  community,  the  3D  image  data  set  describing  the  in¬ 
ternal  structure  of  the  18650  cell,  including  PTC  device,  is  made 
available  for  open  source  usage  as  supplementary  information. 

2.  Experimental 

Experiments  were  carried  out  on  single  18650  spiral  wound 
lithium  nickel  manganese  cobalt  oxide  (NMC)  Li-ion  cells 
(ICR18650S3,  2200  mAh,  LG  Chem  Ltd.,  Seoul,  South  Korea)  which 
have  a  rated  maximum  discharge  current  of  4400  mA  (2C).  Prior  to 
each  test  the  cell  was  fully  charged  to  4.2  V,  the  maximum  rated 
voltage,  first  by  constant  current  charging  to  4.2  V  and  a  subsequent 
constant  voltage  charge  at  4.2  V  until  the  current  tapered  down  to 
3%  of  the  initial  applied  current  using  an  electrochemical  test  sta¬ 
tion  (Maccor  4300,  Maccor  Inc.,  Oklahoma,  USA)  and  the  manu¬ 
facturer’s  recommended  charge  rate  of  0.5C.  Although  no 
significant  thermal  effects  were  observed  during  charging  at  this 
rate,  the  cells  were  disconnected  from  all  electrical  contacts  for  a 
period  of  1  h  prior  to  discharging,  to  ensure  thermal  equilibration 
with  ambient  temperature.  The  surface  of  the  battery  was  coated 
with  a  matt  black  paint  to  minimise  infrared  reflections  and  ensure 
a  uniform  emissivity.  In  order  to  calculate  the  emissivity  of  the 
coated  surface,  a  purpose-built  cavity  black-body  (c  =  0.98)  was 
used  [18]  prior  to  conducting  all  experiments,  in  addition  to  a 
diffuse  reflector  which  eliminates  the  effects  of  environmental 
reflections. 

Thermal  imaging  was  performed  using  a  camera  (FLIR 
SC5000MB,  FLIR  Systems  France,  Croissy-Beaubourg,  France)  which 
was  calibrated  for  the  temperature  range  in  question  (15  °C— 
100  °C).  The  camera  has  an  extended  wavelength  detector  allowing 
detection  of  infrared  light  within  the  range  2.5  pm— 7  pm.  A  27  mm 
(F/3)  lens  was  used  throughout  the  imaging  process,  with  the  im¬ 
ages  recorded  using  commercially  available  software  (FLIR 
Research  IR,  FLIR  Systems,  France).  The  noise-equivalent  tempera¬ 
ture  difference  (NETD)  of  the  camera,  a  measure  of  the  signal-to- 
noise  ratio,  was  of  the  order  of  19  ml<  in  the  range  of  calibration. 
The  geometry  of  the  experimental  setup  resulted  in  a  spatial  res¬ 
olution  of  -  0.1  mm  with  the  images  being  recorded  at  a  frequency 
of  1  Hz. 

Discharging  of  the  battery  was  conducted  using  a  potentiostat 
(IviumStat,  Ivium  Technologies,  Netherlands)  at  varying  C-rates 
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Fig- 1.  3D  rendering  showing:  a)  the  safety  valve  assembly  in  the  battery  cap,  b)  a  magnified  cross  section  of  the  battery  showing  the  electrode  assembly  and  hollow  centre,  and  c)  a 
magnified  longitudinal  slice  of  the  battery. 


within  the  safe  discharge  regime,  according  to  the  cell  manufac¬ 
turer.  Potentiostatic  Electrochemical  Impedance  Spectroscopy  (EIS) 
was  conducted  from  10  kHz  to  1  Hz  using  a  15  mV  AC  sinusoidal 
perturbation  at  the  open  circuit  voltage  (OCV). 

An  environmental  chamber  was  used  to  assess  the  effect  of 
temperature  on  the  electrochemical  impedance  response  and  to 
determine  the  onset  of  increased  resistance  due  to  thermal  acti¬ 
vation  of  the  PTC  element.  The  chamber  consisted  of  a  PID 
controlled  electronic  heater  which  enabled  the  temperature  within 
the  enclosure  to  be  controlled  to  ±1  °C  of  the  desired  set  point. 
During  the  experiments  the  chamber  was  allowed  to  reach  thermal 
equilibrium  for  a  period  of  no  less  than  10  min  prior  to  experiments 
to  minimise  the  inherent  PID  control  fluctuations  in  temperature. 

In  order  to  ensure  the  battery  was  without  any  structural  defects 
and  to  determine  the  assembly  and  location  of  internal  compo¬ 
nents,  X-ray  tomography  was  conducted  at  the  Manchester  X-Ray 
Imaging  Facility  at  Harwell.  Tomography  scans  of  the  positive 


terminal  region  and  of  the  full  battery  were  obtained,  and  subse¬ 
quent  3D  analysis  of  the  reconstructed  image  data  was  performed 
using  Avizo  software  (FEI  Company,  Oregon,  USA).  X-ray  micro¬ 
tomography  scans  were  performed  on  the  battery  using  a 
Phoenix  v|tome|x  system  (Phoenix  X-ray,  GE  Measurement  and 
Control,  Germany).  The  battery  was  rotated  360°  about  its  long  axis 
whilst  1000  projections  were  captured  with  the  nanofocus  tube 
operating  at  100  kV  and  270  pA.  The  sample  and  detector  were 
positioned  in  projection  magnification  providing  an  effective  pixel 
size  of  8.94  pm  for  the  high  resolution  imaging. 

3.  Results  and  discussion 

3.1.  X-ray  tomography 

In  order  to  associate  external  measures  of  temperature  with 
internal  heat  generation  sources,  an  understanding  of  the  internal 


Fig.  2.  3D  reconstruction  showing:  a)  auxiliary  view  of  the  safety  valve  area  highlighting  the  positive  electrode  contactor  (purple),  PTC  element  (orange)  and  safety  valve  (tur¬ 
quoise):  b)  orthographic  view  of  the  positive  terminal  area.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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structure  of  the  battery  is  desirable.  While  the  18650  (18  mm 
diameter,  65  mm  high)  battery  is  a  widely  used  standard,  the  in¬ 
ternal  configuration  can  vary  between  manufacturer  and  internal 
defects  can  arise  due  to  manufacturing  tolerances  and  material 
processing  variability.  Disassembly  of  a  battery  is  both  a  hazardous 
and  destructive  process.  X-ray  tomography  has  been  shown 
to  be  a  powerful,  non-destructive  tool  for  the  characterisation 
of  the  structure  of  electrodes,  single  cells  and  devices  19-21]. 
Fig.  1  shows  a  3D  rendering  of  the  tomographic  data  set  for  the 
18650  cell.  The  spirally  wound  internal  structure  of  the  cell, 


separator  material  and  hollow  central  section,  is  clearly  visible  in 

Fig.  1(b). 

No  macro-structural  defects  were  observed  within  the  cell, 
which  could  give  rise  to  undesirable  sources  of  heat.  The  X-ray 
micro-tomography  also  enabled  a  reconstruction  of  the  battery  cap 
architecture  (Fig.  2),  including  the  valve,  PTC  and  positive  electrode 
terminal. 

The  tomographic  reconstructions  show  the  tightly  packed  na¬ 
ture  of  the  positive  terminal  area.  The  entire  battery  cap  (terminal 
and  safety  componentry)  is  ~  5  mm  in  height. 
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Fig.  3.  Axial  line  of  measurement  and  temperature  deviation  distributions  as  a  function  of  location  along  battery  and  time  (in  seconds)  during  0.75C-2C  discharge. 
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3.2.  Thermal  imaging 

Infrared  imaging  was  conducted  while  the  battery  was  dis¬ 
charged  at  a  range  of  discharge  rates,  ranging  from  C/10  to  2C. 
Average  battery  temperatures  rose  with  time  during  discharge  as  a 
result  of  heat  generation  associated  with  reaction  and  Joule  heat¬ 
ing,  with  significant  spatial  variations  observed  along  the  length  of 
the  battery.  The  local  temperature  along  the  central-line  of  the 
battery  was  captured,  as  indicated  in  the  inset  in  Fig.  3,  with  local 
temperature  deviations  from  ambient  as  a  function  of  time  and 
discharge  rate  plotted  in  Fig.  3. 

Fig.  3  shows  the  increasing  heterogeneity  of  temperature  dis¬ 
tribution  along  the  longitudinal  axis  of  the  cell  with  increasing 
discharge  rate.  No  significant  temperature  heterogeneity  was 
observed  for  discharge  up  to  0.75C.  At  discharge  rates  higher  than 
1C  an  area  of  increased  temperature  is  identifiable  0  mm-4  mm 
from  the  positive  terminal  of  the  battery.  This  area  corresponds  to 
the  battery  cap,  as  identified  by  the  X-ray  tomography.  The  tem¬ 
perature  at  the  surface  of  the  battery  cap  is  seen  to  be  larger  than 
that  along  the  body  of  the  battery  purely  due  to  the  discharging 
process;  this  implied  a  higher  rate  of  heat  generation  at  the  positive 
terminal  than  in  the  bulk  of  the  battery  itself.  From  the  micro¬ 
tomograms  it  was  deduced  that  this  increased  rate  of  heat  gener¬ 
ation  can  be  attributed  to  the  battery  terminal  area  due  to  its  non- 
uniform  nature  and  multi-component  construction. 

By  comparing  the  temperature  rise  at  both  terminals  it  can  be 
concluded  that  the  contact  resistance  with  the  external  current 
collector  did  not  contribute  greatly  to  the  thermal  gradient.  This  is 
particularly  evident  for  the  1C-2C  discharge  rates,  during  which  a 
significant  temperature  gradient  was  observed  close  to  the  positive 
terminal  but  with  no  similar  gradient  appearing  at  the  negative 
terminal.  This  implies  that  the  battery  cap  provides  a  significantly 
higher  resistance  to  current  flow;  resulting  in  the  increased  heat 


generation  and  corresponding  temperature  rise.  It  has  been  re¬ 
ported  that  safety  valves  used  within  Li-ion  batteries  are  either 
composed  of  an  aluminium  or  aluminium/polymer  structure  [22], 
the  bulk  material  of  which  will  not  add  significantly  to  the  resis¬ 
tance  of  the  cell  due  to  the  high  electrical  conductivity.  It  is 
therefore  proposed  that  the  contact  resistance  between  compo¬ 
nents  in  the  cap  and  the  PTC  element  provides  sufficient  resistance 
to  cause  the  thermal  gradients  observed. 

As  PTC  elements  are  designed  to  be  activated  (increase  in  elec¬ 
trical  resistance)  at  elevated  temperatures,  it  is  important  to 
consider  not  only  surface  temperature  but  also  internal  tempera¬ 
ture,  which  may  vary  considerably  from  that  measured  at  the  sur¬ 
face  [23]. 

It  is  evident  from  Fig.  3  that,  for  discharge  rates  of  1C  and  above, 
increasing  current  leads  to  a  higher  temperature  gradient  close  to 
the  positive  terminal  of  the  battery.  However,  the  temperature 
profile  itself  does  not  change  appreciably  with  time  at  each 
discharge  current,  with  a  relatively  uniform  increase  in  tempera¬ 
ture  observed  along  the  length  of  the  cell. 

The  temperature  heterogeneity  highlighted  above  is  particularly 
relevant  to  the  positioning  of  thermocouples  in  battery  packs.  If  the 
thermocouple  is  located  towards  the  negative  terminal  of  a  battery 
the  error  in  measuring  the  peak  temperature  of  the  cell  may  be 
particularly  large;  something  which  when  incorporated  into  a 
battery  pack  may  have  severe  consequences.  The  fact  that  cells  are 
typically  uniformly  aligned  within  battery  packs  will  tend  to  create 
an  area  of  high  heat  output  at  the  positive  terminal  current 
collector. 

In  addition  to  examining  the  axial  temperature  distribution,  the 
‘surface  hoop  circle’  distribution  within  cylindrical  Li-ion  cells  was 
also  investigated.  It  can  be  seen  in  Fig.  4  that  provided  the  current 
collectors  are  positioned  in  the  centre  of  the  electrode  terminal, 
there  is  no  significant  thermal  variation  around  the  cell  housing. 


2  C  Discharge  Rate 


Fig.  4.  Transient  temperature  response  at  different  locations  along  the  axis  of  the  battery  (30  mm  approx,  between  each  point  axially,  5  mm  approx,  between  each  point  along  the 
surface  hoop  circle)  at  a  2C  discharge  rate. 
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Fig.  5.  Effect  of  acentric  current  collection  from  a  pin  current  collector  on  the  positive  (left  hand  side)  and  negative  (right  hand  side)  electrode  during  a  discharge  at  a  rate  of  2C 
during  a  60  s  period. 


However,  poor  electrical  contact  can  lead  to  significant  hetero¬ 
geneity  in  the  radial  temperature  distribution  and  additional 
heating  at  the  electrode  terminals.  For  example,  Fig.  5  shows  the 
case  of  an  acentric  current  collector  pin  at  the  negative  electrode 
terminal  the  poor  mechanical  coupling  (low  clamping  force)  led  to 
localised  Joule  heating  and  the  acentric  connection  led  to  heating 
from  the  point  of  contact,  causing  a  radially  non-uniform  heat 
distribution.  This  effect  is  also  observed  at  the  positive  terminal; 
however,  due  to  the  magnitude  of  the  heating  in  this  region  the 
effect  is  less  pronounced  than  at  the  negative  terminal.  These  ef¬ 
fects  manifest  themselves  in  non-uniform  temperature  gradients 
across  the  battery  surface  and  further  add  to  the  limitations  of  not 
including  non-electrochemical  elements  when  modelling  battery 
temperatures. 


3.3.  Electrochemical  impedance  spectroscopy 

Electrochemical  impedance  spectroscopy  was  conducted  on  the 
cell  at  various  temperatures  at  OCV  in  order  to  decouple  the  ther¬ 
mal  effects  on  the  various  loss  mechanisms  in  the  battery. 


The  typical  EIS  response  of  Li-ion  cells  is  composed  of  a  bulk 
ohmic  resistance  coupled  with  two  overlapping  RC  arcs  corre¬ 
sponding  to  solid-state  resistance  and  capacitance  at  high  fre¬ 
quencies  and  charge  transfer  resistance  and  the  associated  double¬ 
layer  capacitance  at  intermediate  frequencies  [24].  In  addition,  at 
low  frequency  a  Warburg  element  accounts  for  the  diffusional 
limitation  associated  with  the  mass  transfer  of  lithium  ions  be¬ 
tween  the  electrodes  and  the  electrolyte. 

Fig.  6  shows  the  electrochemical  impedance  response  in  com¬ 
plex  plane  (Nyquist  plot)  form  at  OCV  as  a  function  of  temperature. 
It  was  not  possible  to  resolve  two  arcs  for  all  temperatures,  either 
because  one  of  the  RC  couples  was  much  smaller  than  the  other 
and/or  the  time  constant  for  each  process  was  not  significantly 
different;  however,  an  indication  of  a  secondary  arc  is  visible  at 
20  Hz  at  a  temperature  of  23  °C,  indicating  the  presence  of  two 
independent  processes.  A  Warburg  impedance  feature  at  low  fre¬ 
quency  (<10  Hz  in  all  cases)  is  clearly  evident.  Nagasubramanian 
has  demonstrated  the  effects  of  temperature  on  18650  Li-ion  cells, 
showing  a  reduction  in  the  overall  electrochemical  impedance  with 
increasing  temperature  and  an  approximately  stable  ohmic  resis¬ 
tance,  given  by  the  high  frequency  intercept  [25].  In  agreement 


■  23°C 
D  30°C 
•  35°C 


Fig.  6.  Effect  of  temperature  on  the  EIS  sweeps  at  OCV  conducted  within  an  environmental  chamber  over  the  temperature  range  of  23-60  °C. 
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Fig.  7.  Effect  of  temperature  upon  the  location  of  the  high  frequency  intercept  (purely 
ohmic  resistance)  showing  the  standard  deviation  of  the  EIS  measurements  and  the 
range  of  temperature  fluctuation  throughout  the  duration  of  the  measurement. 

with  this  study,  a  reduction  in  the  primary  arc  resistance  was 
observed  with  increasing  temperature  up  to  60  °C. 

The  purely  ohmic  component  (determined  from  the  high  fre¬ 
quency  intercept  with  the  real  axis)  as  a  function  of  temperature  is 
shown  in  Fig.  7.  The  observed  effect  of  temperature  on  the  ohmic 
resistance  within  the  temperature  range  20-40  °C  is  in  agreement 
with  the  results  reported  by  Nagasubramanian  [25];  however, 
above  40  °C  an  increase  in  ohmic  resistance  is  observed  which  is 
attributable  to  an  increase  in  resistivity  of  the  metallic  elements 
within  the  cell. 

The  effect  of  temperature  upon  the  resistance  of  PTC  elements 
has  been  reported  at  higher  temperatures  in  a  LiFeP04  cell  by 
Zhong  et  al.  [26  .  By  comparing  the  relative  changes  in  magnitude 
of  resistance  it  is  clear  that  the  PTC  has  not  been  activated  during 
the  experiments  conducted  in  this  study.  The  EIS  data  shown  here 
imply  that  the  PTC  effect  does  not  contribute  to  the  asymmetric 
heating  of  the  cell  due  to  increased  resistance  over  the  relevant 
temperature  range  in  this  study;  rather,  it  is  the  presence  of  the  PTC 
and  safety  valve  at  the  positive  terminal  which  drive  the  heating  by 
a  non-uniform  distribution  of  ohmic  resistance  within  the  cell. 

4.  Conclusions 

Fleterogeneous  temperature  distribution  across  the  length  of  a 
single  18650  Li-ion  cell  has  been  observed  for  discharge  rates  above 
0.75C,  within  the  standard  operating  window  of  the  cell.  External 
electrical  contact  resistances  at  both  terminals  can  contribute  to 
this  at  higher  current  densities;  however,  the  most  significant 
heating  effect  is  observed  within  the  cell  at  the  positive  terminal. 
The  high  resolution  thermal  images  show  that  discrete  thermo¬ 
couples  cannot  fully  capture  the  thermal  profile  and  the  location  of 
placement  is  important  for  safety  purposes  and  should  be  sited 
close  to  the  positive  cap  of  the  cell. 

X-ray  micro-tomography  provides  a  clear  picture  of  the  internal 
structure  of  the  battery  and  shows  that  the  source  of  the  heating 
corresponds  to  the  PTC  and  safety  valve  assembly.  EIS  as  a  function 
of  whole-cell  temperature  shows  that  this  particular  PTC  is  not 
significantly  activated  at  temperatures  up  to  60  °C.  Given  that  the 


high  discharge  rates  studied  (up  to  2C)  did  not  lead  to  cell  tem¬ 
peratures  anywhere  as  high  as  this,  activation  of  the  PTC  is  not 
expected  to  occur.  Rather,  the  heating  effect  in  the  positive  cap  is 
attributed  to  the  materials  and  internal  contact  resistances  be¬ 
tween  the  battery  roll,  PTC  and  safety  valve. 

Models  must  consider  spatially  allocating  the  ohmic  resistances 
within  cells  in  order  to  give  a  truly  accurate  representation  of  both 
the  thermal  and  electrochemical  effects  of  the  system.  In  addition, 
the  non-uniform  materials  of  the  cell  must  be  accounted  for  in 
order  to  capture  the  dynamics  of  battery  discharge  which  have 
been  shown  to  significantly  deviate  from  a  ‘quasi’  steady-state  or 
uniform  thermal  distribution  assumption  often  made  when  pro¬ 
ducing  electro-thermal  models.  Finite  element  models  that 
consider  the  internal  structure  of  the  battery  must  consider  the 
features  in  the  cap  and  structure  of  the  ‘jelly  roll’  and  casing.  To  this 
end,  data  is  provided  with  this  paper  to  describe  the  structure, 
based  on  X-ray  tomography,  for  this  common  battery  architecture. 
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